Thiobacillus neapolitanus, a strict chemoautotroph, is sensitive to the addition of 10-4 M methionine, histidine, threonine, or phenylalanine to the thiosulfate medium on which it grows. When histidine, threonine, or phenylalanine are added at the time of inoculation, spontaneous mutants tolerant to the three amino acids are selected. These mutants appear to result from a single genetic change; of 18 independently isolated histidine-tolerant mutants, all are also tolerant to phenylalanine and threonine. The uptake of 14C-phenylalanine into exponentially growing cells of one such mutant is negligible in contrast with the uptake observed in the phenylalaninesensitive parent. The addition of methionine to the medium slows growth, but spontaneous mutants are not selected. Inhibition of growth by these amino acids is observed only under conditions of amino acid imbalance; the addition of an equimolar mixture of 16 amino acids, in which each component is present at a concentration of 10-3 M, causes no inhibition. Histidine and threonine inhibition may be released by equimolar amounts of any one of seven amino acids: serine, alanine, glycine, leucine, valine, tryptophan, or tyrosine; histidine inhibition is also released by isoleucine, and threonine inhibition by methionine. None of the inhibiting amino acids inhibits oxidation of thiosulfate in cell suspensions. A group of hexoses, pentoses, and Krebs cycle intermediates were tested for inhibition of growth or release of inhibition by histidine, phenylalanine, or threonine, but no effects, either inhibition or relief of inhibition, were found.
The metabolism of autotrophic bacteria is under study in two areas: (i) description of oxidative pathways of inorganic substrates and (ii) exploration of intermediary metabolism and biosynthesis, with the aim of defining the unique features of autotrophy. This paper reports growth inhibition by four amino acids in a strict autotroph, and relationships with other amino acids in the release of inhibition. These observations are similar to ones made in heterotrophs, for which elegant explanations have been proposed, involving the regulation of amino acid biosynthesis. The evidence suggests that these amino acid inhibitions may be related to those in heterotrophs, and also poses the question whether other amino acid inhibitions in autotrophs could be due to similar causes, or require other explanations. I The data in this paper are taken from a thesis submitted by C.L.J. to the University of Rochester in partial fulfillment of the requirements for the degree of Doctor of Philosophy.
MATERIALS AND METHODS
Maintenance of the organism. Thiobacillus neapolitanus (Thiobacillus X) was grown at 30 C in the medium described by Vishniac and Santer (13) . Mutants were maintained in the presence of selecting amino acids at concentrations of M to suppress the growth of revertants. Cultures were routinely checked for purity from heterotrophic contaminants by streaking on tryptic soy agar, and were purified by subculturing single colonies from thiosulfate agar when necessary.
Growth curves. Growth curves were recorded from 10-ml portions of culture taken from 300 ml of medium which had been inoculated with 1 to 3 ml of a fresh stock culture. They were grown in 300-ml ture was set up in duplicate. Flasks were aerated by shaking on a rotary shaker at 300 rev/min. (Fig. 2) .
In cultures which have been inhibited by histidine, phenylalanine, or threonine, the growth of stable variants, which appear to be mutants, occurs after several days. After this long lag period, populations, virtually every member of which is capable of growth in the presence of the inhibitory amino acid without delay, are selected. Many transfers through unsupplemented medium do not result in reestablishing a long lag period when cells are transferred again into medium with the inhibitory amino acids, and nearly the entire tolerant population is able to form colonies on plates with the inhibiting amino acids ( Table  2 ). Since tolerance persists in the absence of the inhibiting amino acids and is a stable character, it has been considered due to spontaneous mutation. Commonly the mutants observed under these conditions are tolerant not only to the amino acid on which they are selected, but also to the other two of these three amino acids.
The examination of 18 mutants which arose independently in unsupplemented medium, and were then selected on plates for histidine tolerance, illustrates this point ( Table 3 ) and suggests that a single genetic change may be responsible for the acquisition of tolerance to these three amino acids. These tolerant mutants may well be permeability mutants; examination of one selected on phenylalanine (and also tolerant to threonine and histidine) showed it to fail to take up or incorporate '4C-phenylalanine significantly, compared with the sensitive parent, during two generations of exponential growth (Fig. 3) .
Examination of suspensions of the parent organism for the effect of inhibiting amino acids on the rate of thiosulfate oxidation did not show significant inhibition.
A survey of amino acids which are able to release inhibition by histidine, phenylalanine, or threonine at equimolar concentrations showed phenylalanine inhibition to be released only by tyrosine, but histidine and threonine inhibition to be released by any one of seven amino acids (Table 4) . Other metabolites, none of which causes growth inhibition, were also tested for ability to release histidine, phenylalanine, and threonine inhibitions, but none was active. Lactate, pyruvate, glucose, fructose, ribose, citrate, acetate, succinate, malate, glycerol, propionate, and glycolate were tested against histidine, phenylalanine, and threonine at concen-trations of 3 X 104 M; the non-amino acid metabolites were tested for their ability to release amino acid inhibition at concentrations of 3 X 1O4M and 3 X 103 M.
DISCUSSION
We have shown that the growth of T. neapolitanus is inhibited by several amino acids and that inhibition is not observed when these amino acids are present in a balanced mixture. This pattern of growth inhibition was first described for leucine, isoleucine, and valine in Bacillus anthracis by Gladstone (4) , who suggested that the relationships between inhibiting amino acids not required for growth involved control of biosynthesis. The extensive literature on the control of amino acid biosynthesis needs no discussion here; it was recently reviewed by Umbarger (12) .
It is easy, however, to overlook relationships between amino acids in experimenting with an autotroph, since no organic metabolite is required to be added to the growth medium. Rittenberg (11) , in a review of carbon metabolism in autotrophs, suggested that amino acid imbalance might account for amino acid growth inhibitions, and Kelly (7) (8) (9) Cultures were plated as 106 dilution except where noted. Plates contained 3 X 104 M amino acids. Cultures were plated after three to nine sequential transfers through unsupplemented medium with inocula diluted 1:100 at each transfer.
b Plated as 10' dilution (frequency 6.8 X 10-').
c Plated as 10' dilution (frequency 3.0 X 10-5).
d Plated as 10' dilution (frequency 6.1 X 10-').
e SD = standard deviation of count.
Kelly. We did not observe release of phenylalanine inhibition by tryptophan or by other group I amino acids, but the phenylalanine concentration was higher and amino acids were added to cultures with small inocula, which went through lag phase before growth. These conditions select tolerant mutants and are more drastic than the addition of amino acids to growing cultures. Our data on the uptake of 14C. phenylalanine suggest that the tolerant mutant which we described may possess an altered permease for group I amino acids, and be resistant to phenylalanine, histidine, and threonine by simple exclusion from the cell.
This permease could account for the similarity of compounds releasing histidine and threonine inhibition, which with histidine, threonine, methionine, and phenylalanine comprise the group I amino acids. If release of inhibition acts by competition for the common permease, the intracellular sites for histidine and threonine inhibition could either be separate or the same. The latter would presumably involve cross-pathway control in amino acid biosynthesis, which has been We think that the role of the inhibiting amino acids in T. neapolitanus is likely to be confined to biosynthesis, since several amino acids taken up during exponential growth were found incorporated into protein metabolically unaltered, or in structures of other amino acids for which they are precursors in synthetic pathways established in other organisms (6) . Since we were unable to VOL. 104, 1970 observe inhibition of thiosulfate oxidation by whole cells in the presence of the inhibitory amino acids, we have no evidence which suggests oxidative metabolism as a direct site of inhibition. The ability to release amino acid growth inhibition was restricted to certain other amino acids, and did not extend to other metabolites tested.
Our experiments indicate a similarity between autotrophic and heterotrophic physiological regulation which has hitherto not received much attention. These observations reinforce the notion that the distinct features of autotrophic physiology lie in electron transport and energy metabolism, on the one hand, and CO2 fixation on the other, and many other major features of metabolism are shared with heterotrophs.
